Friction has a direct relation with the energy efficiency and environmental cleanliness in all moving mechanical systems. To develop low friction coatings is extremely beneficial for preserving not only our limited energy resources but also the earth's environment. This study proposes a new design for low friction carbon-based nanocomposite coatings by tailoring the microstructure and phase segregation, and thereby it contributes to better controlling the mechanical and tribological properties. Experimental findings and theoretical calculations reveal that high-hardness (18.2 GPa), high-adhesion strength (28 N) as well as low-internal stress (À0.8 GPa) can be achieved by a nanocrystallite/ amorphous microstructure architecture for the nc-WC/a-C(Al) carbon-based nanocomposite coating; in particular low friction ($0.05) can be acquired by creating a strong thermodynamic driving force to promote phase segregation of graphitic carbon from the a-C structure so as to form a low shear strength graphitic tribo-layer on the friction contact surfaces. This design concept is general and has been successfully employed to fabricate a wide class of low friction carbon-based nanocomposite coatings.
Introduction
Diamond-like carbon (DLC) protective coatings have attracted considerable research attention and have already found themselves in a whole range of engineering applications because of their excellent properties such as high hardness, wear resistance and low friction when sliding against most engineering materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] However, their limitations are low toughness and high internal stress levels. [11] [12] [13] Thus, the design and development of high hardness, high wear resistance, low friction, good toughness and low internal stress level coatings, which will result in a significant increase in the lifetime of mechanical components, are of most importance in fundamental research and industrial applications. Fortunately, the nanocomposite protective coatings can offer a great opportunity to develop such properties, where the hard and soft phases are often mixed so as to get a combination of good mechanical and tribological properties. For example, the mixture of various phases at the nano-scale might achieve synergic effects to improve hardness or toughness.
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Carbon-based nanocomposite coatings, where the nanocrystalline phase is embedded into an a-C matrix, are considered a new class of protective materials. Hitherto, a type of the most studied carbon-based nanocomposite can be fabricated by the doping of strong-carbide-forming (SCF) metal such as W, Ti or Cr and so on, where the metal can bond strongly with carbon to form carbide nanocrystallites in the a-C matrix. [18] [19] [20] [21] For instance, W-doped carbon-based nanocomposite coatings, which formed WC carbide phase in the a-C matrix, have been widely investigated in recent years. Moreover, the hardness, toughness, friction and wear-resistance of these coatings can be tuned to a certain extent by changing the composition and thereby the microstructure of the coatings.
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Recently, another kind of carbon-based coating involving the doping of weak-carbide-forming (WCF) metal Al, i.e. just bonding weakly or having almost no bonding with carbon, is attracting great attention of the researchers. Most interesting is that these coatings can achieve good toughness and low internal stress coupled with low friction, and these performances were mainly attributed to the Al metal having good ductility and uniformly dissolving into the a-C matrix. However, it would inevitably cost some hardness of the coatings due to its softness. [27] [28] [29] [30] [31] Besides, Wilhelmsson et al. 32 reported that the soft metal Al, which formed a substitutional solid solution at the Ti sites in cubic TiC coating, created a situation of a driving force for carbon phase separation from the carbide particles. Unfortunately, they didn't consider a study on the placing of a solid solution of this WCF Al into the DLC matrix. Our previous works found that the addition of such WCF Al metal may facilitate the formation of amorphous carbon during the growth of the coating. Also, the solid solution of WCF Al into the a-C matrix can provide a strong thermodynamic driving force to promote graphitic carbon phase segregation on the contact surface of the coating induced by elevated temperature during sliding friction. 33, 34 In this paper, this situation of phase segregation of graphitic carbon will be further validated by theoretical calculations.
Consequently, an approach is proposed to design and fabricate carbon-based nanocomposite coatings with improved mechanical and tribological properties, i.e. constructing a nanocrystallite/amorphous microstructure and creating a strong thermodynamic driving force to promote graphitic carbon phase segregation by co-incorporating the SCF W and WCF Al into the a-C matrix. It is found that the microstructure and phase segregation synergic effects can contribute to obtain high-hardness, high-wear resistance and low-friction coupled with goodtoughness and low-internal stress levels for the nc-WC/a-C(Al) carbon-based nanocomposite coating compared to other a-C, a-C(Al) and nc-WC/a-C carbon-based coatings. The experimental findings and theoretical calculations reported in this paper provide a new concept to design and fabricate low friction coatings regarding the microstructure and the chemical states of carbon as well as the correlative phase segregation, and thereby it contributes to better controlling the mechanical and tribological properties of coatings. In particular, this design concept is general and has been successfully employed to fabricate a wide class of low friction carbon-based nanocomposite coatings.
Experimental

Coatings preparation
Four kinds of a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) carbon-based coatings were deposited on silicon p(100) wafer substrates using magnetron sputtering of W, Al and graphite (C) targets of 99.99%, 99.99% and 99.80% purity in an argon gas atmosphere. Prior to deposition, the silicon wafer substrates were first ultrasonically cleaned in acetone and alcohol for 30 min and then put into the depositing chamber. The base pressure of the depositing chamber was pumped down to 1.0 Â 10 À3 Pa, then the chamber was backfilled with Ar gas of 100 sccm flow rate to 0.8 Pa. The substrates were cleaned using Ar + bombardment for 30 min at a substrate bias voltage of À1000 V to remove some adhering impurities on the substrates. Prior to the coating deposition, a Si interlayer of about 400 nm thick was deposited by sputtering of Si target (300 W of R.F. power supply, À300 V bias voltage and 50% duty cycle) so as to improve the adhesion of the final coating to the substrate. Subsequently, the carbon-based nanocomposite coatings were deposited under Ar gas of flow rate of 120 sccm. In the depositing, the pulse power supply was kept with 40 kHz frequency, À300 V bias voltage and 50% duty cycle, the D.C. power density of the graphite target was kept constant at 6.5 W cm À2 and the D.C. power density of the metallic targets was varied for desirable composition. Detailed deposition parameters were described in Table 1 . Besides, the depositing parameters were kept same as that of the nc-WC/a-C(Al) carbonbased coating, and then a series of carbon-based nanocomposite coatings were also fabricated including the nc-TiC/a-C(Al), nc-VC/a-C(Al), nc-CrC/a-C(Al), nc-ZrC/a-C(Al), nc-NbC/a-C(Al), nc-MoC/a-C(Al), nc-HfC/a-C(Al) and nc-TaC/a-C(Al) protective coatings. During the whole deposition, there was no extraheating to the substrates.
Coatings characterization
The thickness of the as-fabricated carbon-based coatings was measured using a surface profilometre. X-ray photoelectron spectroscopy (XPS) was carried out on a PerkinElmer PHI-5702 multi-functional photoelectron spectrometer with Al Ka radiation to investigate the compositions and chemical states of carbon in the coatings. Further investigation on the structure of the as-fabricated coatings was performed on a HR800 microRaman spectroscopy instrument using an 532 nm Ar + laser with a resolution of 1 cm À1 . X-ray diffraction (XRD) with a grazing angle of 1 was performed on a D/Max-2400X diffractometer (Rigaku Co., Japan) with Cu Ka radiation applied for phase identification and qualitative texture characterization. Further investigations on the microstructure characterization were performed by high-resolution transmission electron microscopy (HRTEM) using JEOL 3010 TEM operated at 300 kV. The nanohardness was measured by a Nanotest600 nanoindenter apparatus (MicroMaterials Ltd.) using a Berkovich diamond tip and the indentation depth was about 10% of the coating thickness to minimize the substrate contribution, and the internal stress was measured by the stress induced bending on an interferometric surface profiler. The curvature radii of the substrate before and after the film deposition were measured by the observation of Newton's rings using an optical interferometer system, and then the internal stress was calculated by the Stoney equation. The scratch test was used to evaluate the adhesion strength on a scratch tester using a diamond indenter of 400 mm in radius by continuously increasing the normal load by 100 N min
À1
. The load at which the friction force assumed a sharp increase was defined as the critical load (L c ) of the coating and used as a quasi-quantitative criterion to evaluate the adhesion strength of the coatings on the substrate.
The friction and wear behaviors of the carbon-based coatings were tested by a ball-on-disc reciprocating sliding tribometer in ambient atmosphere with a relative humidity of 35 AE 5% under dry sliding conditions. The steel ball with a diameter of 5 mm was used as the counter body, and all frictional tests were performed under normal load of 5 N, reciprocating amplitude of 5 mm, ) and test time of 60 min (cycles of 18 000). Subsequently, the wear tracks and wear scars formed on the counter body were characterized by scanning electron microscopy (SEM) and XPS. Besides, the transverse cross-section of wear track for the nc-WC/a-C(Al) carbon-based coating was observed by HRTEM and the sample was prepared using a dual-beam focused ion beam (FIB) technique.
Results and discussion
Chemical composition and microstructure
The chemical composition of the as-fabricated four kinds of a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) carbon-based coatings is calculated from the XPS signals corresponding to C(1s), W(4f) and Al(2p) core levels using the standard atomic sensitivity factors of the instrument, and is tabulated in Table 2 . The composition of the a-C coating is determined to be 100 at.% C, the a-C(Al) coating is determined to be about 8.3 at.% Al and 91.7 at.% C, the nc-WC/a-C coating is determined to be about 24.1 at.% W and 75.9 at.% C, and the nc-WC/a-C(Al) coating is determined to be about 16.9 at.% W, 8.5 at.% Al and 74.6 at.% C. Subsequently, the XPS offers a further analysis to the structure and bonding state of the coatings because each element has a unique set of binding energies. Furthermore, the C1s spectrum in the XPS analysis is mostly used to identify the chemical states of the amorphous carbon. Fig. 1(a) shows the XPS C1s spectra of the as-fabricated a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) coatings. For the a-C coating, the XPS spectra show only the C1s peak at 284.3 eV originating from amorphous carbon. Similarly, the XPS spectra also show only the C1s peak at 284.3 eV originating from amorphous carbon while the intensity of the peak becomes weak for the a-C(Al) coating. It is found that the XPS C1s spectra of the WC/a-C carbon-based nanocomposite coating presents an obvious difference to that of the above a-C and a-C(Al) coatings due to its chemical shift at 283.0 eV as in WC. For the C1s spectra of the nc-WC/a-C(Al) coating, it shows a small difference with that of the nc-WC/a-C coating. Subsequently, the C1s spectra of nc-WC/a-C(Al) is fitted with four components at the binding energies 283.0 eV, 284.2 eV, 285.2 eV and 286.5 eV corresponding to W-C bonds in the WC 1ÀX phase, sp 2 carbon bonds, sp 3 carbon bonds and C-O bonds, respectively. Besides, the XPS W(4f) spectra also prove that the metallic tungsten doped in the a-C matrix forms the carbide. However, the peak position of the XPS Al2p spectra shown in Fig. 1(b) is at about 72.4 eV measured after further Ar + bombardment to remove the metallic aluminum oxide due to the easily formed metallic oxide by exposure to air. Besides, as seen in Fig. 1(a) , the peak shapes have no noticeable difference between the two XPS C1s spectra of the a-C and a-C(Al) carbon-based coatings. It indicates that aluminum does not form carbide while it uniformly goes into the a-C matrix and thereby exists in the form of a solid solution. These results are well consistent with other reports and our group's previous works. 30, 31, 33, 34 Furthermore, Raman spectra were acquired from the as-fabricated carbon-based coatings, as shown in Fig. 2 . Obviously, the intensities of the D peaks increase gradually for the as-fabricated a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) coatings, indicating a gradual increment in the Table 2 Chemical composition and mechanical properties of as-fabricated a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) coatings
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Chemical composition (at.%) fraction of sp 2 hybridized carbon. Also, the sp 3 /sp 2 content was determined by the sp 3 peak area to sp 2 + sp 3 peak area in the fitted XPS C1s spectra confirming the results of the Raman spectra, which is about 42%, 35%, 30% and 27% corresponding to the a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) carbonbased coatings, respectively. Fig. 3 shows the HRTEM microstructure and selected area electron diffraction (SAED) patterns of the as-fabricated a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) coatings. HRTEM images ( Fig. 3a and b) reveal that both the a-C and a-C(Al) carbon-based coatings possess typical amorphous characteristics, and the SAED patterns further prove their amorphous microstructure. So it can be concluded that the metallic Al dissolves into the a-C matrix so that the as-fabricated a-C(Al) carbon-based coating is dominated by the typical amorphous structure, which is consistent with the above XPS C1s and Al2p analyses. However, the HRTEM bright-field images ( Fig. 3c and  d) reveal that both the nc-WC/a-C and nc-WC/a-C(Al) nanocomposite carbon-based coatings have typical nanocrystallite/ amorphous microstructure where the WC 1ÀX nanoparticles (which mostly are fringed) are uniformly embedded in the amorphous carbon matrix. Herein, Fig. 4 presents the HRTEM bright-field images with different magnification for the nc-WC/a-C(Al) coating, which further confirms its uniformly nanocrystallite/amorphous microstructure. Besides, it can be seen that their corresponding size of grains is about 2-4 and 1-3 nm, respectively, which also is in good agreement with the results by XRD tests. And, their SAED patterns display four sharp rings with calculated lattice spacings of 2.4, 2.1, 1.5 and 1. 3 A, and these lattice spacings correspond to the (111), (200), (220) and (311) plane of cubic b-WC 1ÀX , respectively. The rings instead of spots confirm the random orientation of the b-WC 1ÀX crystallites in the coatings. The diffraction rings in the simplex W-doped nc-WC/a-C coating (Fig. 3c ) are sharper than those in the duplex doped nc-WC/a-C(Al) coating (Fig. 3d ). This change shows that the crystal size and crystallinity of the WC 1ÀX particles decrease with the co-introduction of metallic Al. This is because the sharper diffraction rings indicate that an increased number of carbide particles of high crystallinity exist in the simplex Wdoped nc-WC/a-C coating compared to the nc-WC/a-C(Al) coating. Moreover, from the HRTEM images, the spacings between the nanograins can be estimated. The intergrain spacings are about 3-5 nm and 4-7 nm for the nc-WC/a-C and nc-WC/a-C(Al) carbon-based coatings, respectively. Since the size of the crystallites is less than 4 nm for the nc-WC/a-C(Al) coating, so the intergranular spacing for the nc-WC/a-C(Al) carbon-based coating is large enough to facilitate grain boundary sliding, indicating a good plasticity might be obtained in this coating. Besides, the surface morphologies of the as-fabricated carbon-based coatings were characterized by an SPM-9500 (Nano IIIa) atomic force microscope (AFM), exhibiting that the nc-WC/a-C(Al) carbon-based coating is relatively uniform and smooth, and their calculated root mean square (RMS) roughnesses were about 0.11, 0.15, 0.43 and 0.20 nm corresponding to the a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) carbon-based coatings, respectively.
Mechanical and tribological properties
The mechanical properties of the carbon-based coatings are strongly affected by the introduction of metallic Al and W. The main results for the hardness (H), elastic modulus (E), H/E ratio, critical load (L c ) and residual stress (s) of the as-fabricated a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) coatings are tabulated in Table 2 . It can be seen that the hardness decreases from $17.1 GPa for the a-C coating to $14.8 GPa with the introduction of Al metal in the a-C matrix meanwhile the Young's modulus also decreased from $223.1 GPa to $189.5 GPa. However, both the a-C and a-C(Al) coatings almost occupy the same value of the H/E ratio of about 0.077. In addition, it can be seen that the hardness apparently increases from $17.1 GPa for the a-C coating to $23.7 GPa with the introduction of W metal in the a-C matrix meanwhile the Young's modulus also increases from $223.1 GPa to $280.9 GPa. For the W and Al co-doped nc-WC/ a-C(Al) nanocomposite coating, it can be seen that both the hardness and Young's modulus keep a relatively high value (hardness of 18.2 GPa and Young's modulus of 213.2 GPa). In particular, its H/E ratio, which is a more suitable parameter for predicting wear resistance, keeps almost the same value (0.085) compared with that of the nc-WC/a-C coating. [35] [36] [37] Besides, by applying the Stoney equation the compressive stress is calculated for the as-fabricated a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) carbon-based coatings, respectively. It was noticeable that the introduction of Al metal could achieve a drastic reduction in internal stress while the W metal just has a small influence on the internal stress. In pure a-C, the internal stress is À2.9 GPa. With doping Al into a-C, the internal stress experiences an apparent decrease to À0.6 GPa for the a-C(Al) coating. However, with doping W into the pure a-C to form the nc-WC/a-C coating, the internal stress presents no pronounced decrease. Remarkably, W and Al co-doped nc-WC/a-C(Al) just possesses a very low internal stress of À0.8 GPa. For the nc-WC/a-C(Al) carbonbased coating of $2.1 mm in thickness, À0.8 GPa of internal stress is very low when comparing with hard coatings such as TiN, ZrN, and HfN, which could easily have an internal stress of several GPa. 38, 39 Moreover, the adhesion strength of four kinds of carbon-based coatings is also evaluated by the scratch tests. The results show that the doping of W and Al in the a-C matrix can apparently increase the critical load of the coating. For the pure a-C coating it just has critical load of $13 N, while the critical load (L c ) can reach $28 N for the nc-WC/a-C(Al) coating. Besides, as seen in the SEM mages of scratch and wear tracks, the nc-WC/a-C(Al) coating presents just some microcracks and less abruptly localized brittle delamination characteristics. Considering the above mechanical results, it can be concluded that the nc-WC/a-C(Al) coating can achieve a superior combination of mechanical properties compared with that of the other a-C, a-C(Al) and nc-WC/a-C carbon-based coatings.
A ball-on-disk tribometer has been used to systematically evaluate the tribological properties of the as-fabricated a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) coatings under a load of 5 N with the amplitude of 5 mm and reciprocating sliding frequency of 5 Hz. Fig. 5 shows the evolution of the friction coefficient versus sliding time. It can be seen that the friction coefficient has a relatively high value of $0.12 for the pure a-C coating. When doping Al in the a-C coating the friction coefficient decreases to a relatively low value of $0.07, and doping W does not have an apparent influence on the friction coefficient (friction coefficient is also $0.12 for the nc-WC/a-C coating). However, the friction coefficient decreases to a very low value of about $0.05 for the nc-WC/a-C(Al) coating by co-doping W and Al metals. Considering the above friction results, it can be found that doping Al in the a-C coating can cause the friction coefficient to decrease to a relatively low value. Previous studies on the tribological behaviors of DLC films confirmed that the low friction coefficient could be attributed to graphitization induced by localized rising temperature at the asperity contacts.
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Similarly, the formation ability of a low shear strength graphitic interlayer (transfer layer) between the counter body and the coating should play a very important role for the coating with a low friction coefficient. 42 Therefore, it can be concluded that doping with Al has an enhanced effect to facilitate the formation of a low shear strength graphitic interlayer under the sliding friction. Besides, the wear rates of four kinds of carbon-based coatings are also calculated, as shown in the inset of Fig. 5 . It can be seen that co-doping of Al and W metals in the a-C matrix to fabricate the nc-WC/a-C(Al) results in a very low wear rate which is just $1.8 Â 10 À16 m 3 N À1 m. However, the a-C, a-C(Al) and nc-WC/a-C coatings have relatively high wear rate such that the wear rate can reach about 8.5 Â 10 À16 m 3 N À1 m for the a-C coating. These results reveal that the nc-WC/a-C(Al) carbonbased coating can possess a high anti-wear property compared to other a-C, a-C(Al) and nc-WC/a-C coatings. Therefore, it can be found that the W and Al co-doped nc-WC/a-C(Al) carbon-based nanocomposite coating can achieve superior friction and wear behaviors.
Frictional contact surface characteristic
The wear tracks and wear scars on the counter body are characterized by SEM. Fig. 6a-d show the SEM images of wear tracks and wear scars for the a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) carbon-based coatings. The SEM images show severely damaged wear tracks and some delaminations for the pure a-C and simplex W-doped nc-WC/a-C coatings whereas the wear is somewhat improved or reduced for the Aldoped a-C(Al) coating. In particular, it can be seen that slight wear and a rather smooth wear surface are characterized for the nc-WC/a-C(Al) coating. Besides, the SEM images show that just a very small part of the wear mark is covered with a transferred film on the steel balls sliding against the a-C and nc-WC/a-C coatings. Also, the SEM image shows that the wear mark is covered with a relatively large transferred film whereas the relatively large transferred material is not very continuous and is compacted on the steel ball sliding against the a-C(Al) coating. The noticeable characteristics can be seen in the SEM image of the wear scar on the counter body sliding against the nc-WC/a-C(Al) carbon-based nanocomposite coating, it shows that the wear mark is almost entirely covered with the continuous and compacted transferred film. Furthermore, the wear tracks for the as-fabricated a-C, a-C(Al), nc-WC/a-C and nc-WC/a-C(Al) carbon-based coatings under dry friction are characterized by XPS, as shown in Fig. 7 . It is found that the XPS C1s spectra of the wear tracks and their as-deposited coatings present very small difference for the a-C and nc-WC/a-C coatings. However, the peak intensities of the XPS C1s spectra of the wear tracks for the a-C(Al) and nc-WC/a-C(Al) coatings is obviously augmented compared to their corresponding as-deposited coatings, indicating that the WC and Al content are relatively little whereas the C content is comparatively large on the surface of the wear tracks. These results can prove that the graphitization on the frictional contact surfaces for the a-C(Al) and nc-WC/a-C(Al) coatings is relatively high, reflecting that the doping with Al has a potential to promote the graphitization of the as-fabricated carbon-based coatings under sliding friction conditions. Graphitization induced by localized rising temperature at the asperity contacts can form a low shear strength graphitic interlayer (transfer layer) between the ball and the coating, which plays a very important role for the coating to reduce the friction and wear. 39 Considering the above characteristic of wear tracks and wear scars, superior tribological properties for the nc-WC/a-C(Al) nanocomposite carbon-based coating should be mainly attributed to the formation of low shear strength graphitic tribofilm on the wear track and the continuous and compacted transferred film on the counter body. Besides, in order to prove the existence of low shear strength graphitic tribofilm on the wear track for the nc-WC/a-C(Al) carbon-based nanocomposite coating, its transverse cross-section of wear track is observed by HRTEM and thereby a sample is prepared by FIB. As shown in Fig. 8 , the ''dark'' surface layer compared to the light layer on the wear track is evidently observed, which shows that the tribofilm with thickness of $30 nm is formed on the surface of the wear track for the nc-WC/a-C(Al) carbon-based nanocomposite coating. 
Synergic mechanism by the microstructure and phase segregation
As analyzed in the above mechanical and tribological properties, it is demonstrated that doping with W can construct a nanocrystallite/amorphous microstructure and thereby increase the hardness whereas it has a small contribution in the reduction of internal stress, friction and wear of the coating. Meanwhile, it is demonstrated that doping with Al has a great contribution in the reduction of internal stress and friction of the coating but at certain expense of the hardness. Particularly, the wear tracks and scars on the counter body characterized by SEM and XPS confirm that graphitization on the frictional contact surfaces easily occurs by doping with Al whereas the graphitization is not pronounced by doping with W. Therefore, it can be deduced that doping with Al has a great potential to promote phase segregation of graphitic carbon from the as-fabricated carbon-based coatings under sliding friction conditions. As a result, the W and Al co-doped nc-WC/a-C(Al) carbon-based nanocomposite coating can achieve a superior combination of mechanical properties with low internal stress and high adhesion strength as well as keeping high hardness. At the same time, this nc-WC/a-C(Al) coating can easily form a low shear strength graphitic tribofilm on the surface of the wear track and a continuous and compacted transferred film on the counter body, and thereby it results in low friction and high anti-wear properties compared to a-C, a-C(Al) and nc-WC/a-C carbon-based coatings.
The effects of W and Al metals in the a-C matrix are further confirmed by theoretical calculations using density functional theory (DFT). DFT calculations using Ultrasoft Pseudopotentials are performed using the CASTEP program which is based on the plane-wave pseudopotential method. 43 The generalized gradient approximation (GGA) is used for the electron exchange-correlation function and we have used a plane wave energy cut-off of 500 eV. The calculations are carried out using super cells containing 8 atoms. In this case, we suppose that the a-C coating is idealistically composed of sp 3 -C and it is denominated as a C 8 (sp 3 -carbon) system. By the above experimental result, Al is uniformly doped into the a-C matrix, so Al is substituted into the partial C sites of the C 8 (sp 3 -carbon) system to become an Al 1 C 7 (sp 3 -carbon) system by considering the Al content. Because the doping of W forms cubic WC 1ÀX nanocrystallites in the a-C matrix, so we use the cubic WC 1ÀX super cell, i.e. the W 4 C 4 system, to investigate the relationship between W and C. Subsequently, the formation energy for the release of one graphitic (sp 2 -C) carbon is calculated by evaluating the energy difference in the C 8 (sp 3 -carbon), W 4 C 4 and Al 1 C 7 (sp 3 -carbon) system, respectively, shown as follows:
Comparing with the formation energy for the release of one graphitic (sp 2 -C) carbon in the no-doping a-C system, it can be seen that the formation energy decreases in the W 4 C 4 system while it increases largely in the Al 1 C 7 (sp 3 -carbon) system. This demonstrates that Al doping can result in a strong thermodynamic driving force to release graphitic carbon from the a-C structure while W doping has no effect of releasing graphitic carbon. These are very consistent with the above experimental results of friction and wear of the as-fabricated coatings. The effect is mainly attributed to the close lying carbon atoms not forming strong bonds with the Al atom, i.e. the Al atoms do not form pronounced bonds with any of their nearest neighbors. However, the W atoms form strong bonds with the C atoms to be WC nanocrytallites. The density of states (DOS) of the W 4 C 4 and Al 1 C 7 (sp 3 -carbon) system are shown in Fig. 9 , and they confirm that W and C form strong bonds while Al and C almost form no bonds. The calculated electron density for the (100) plane of the WC system shown in Fig. 9a also presents highly directional bonds between the W and C atoms due to electron accumulation between the two atomic sites. However, there is no electron accumulation at the Al sites; in fact, the Al electron is almost smeared out over the whole Al 1 C 7 system, which is very consistent with the information given by the DOS, revealing that weak or almost no interaction occurs between the Al and C atoms. The above theoretical calculations support the experimental results that the doping of Al metal has a great potential to promote phase segregation of graphitic carbon from the as-fabricated carbon-based coatings under sliding friction conditions due to a largely increased thermodynamic driving force whilst it also contributes to improving some mechanical properties. Whereas the effect of doping with W metal is mainly to restore the hardness and thereby improve the load support capability due to the WC nanocrystalline enhancement effects in the nanocrystallite/amorphous structure. Thus, the co-incorporation of strong-carbide-forming W metal and weak-carbide-forming Al in the a-C matrix not only contributes to constructing a nanocrystallite/amorphous structure but also creates a situation of phase segregation of the graphitic carbon.
Besides, the finite element method is used to simulate the stress distribution in the nc-WC/a-C(Al) carbon-based nanocomposite coating under the test conditions using ANSYS MULTI-PHYSICS software (ANSYS v8.2 ANSYS, Inc.). 44 Due to high material hardness, the counter body, coating and substrate are all modeled to behave in a linear-elastic manner under the tested Substrate. Geometry: ideally smooth plate. Material: silicon p(100). Young's modulus: 130 GPa. Poisson's ratio: 0.278. Since the load support is mainly related to the compressive stress, only the distribution of compressive stress is plotted. As shown in Fig. 10 , under the applied normal load of 5 N, the highest compressive stress mainly distributes in the whole crosssection of the nc-WC/a-C(Al) coating and extends to the substrate, indicating that a 5 N normal load is supported by the whole nc-WC/a-C(Al) coating and substrate. In the above analyses of the TEM cross-sections of wear track for the nc-WC/ a-C(Al) coating, we found that the tribofilm on the surface of the wear track is just of about 30 nm thickness. Therefore, it can be concluded that this very thin and soft tribofilm does not cause the sacrifice of the load support capability of the nc-WC/a-C(Al) coating.
Subsequently, the friction process is illustrated in Fig. 11 to reveal the mechanism of achieving superior friction and wear behaviors for the nc-WC/a-C(Al) coating during the sliding friction. Generally, the friction force is proportional to the contact area A and shearing strength S: F ¼ AS. The friction coefficient m is defined as the friction force F divided by the normal load N: m ¼ AS/N. Hardness is defined as H ¼ N/A. So, m ¼ S/H. This means the friction coefficient m is approximately proportional to the ratio of the shearing strength S to the hardness H of the supporting coating. To develop novel low friction and anti-wear solid lubrication coatings, the hardness H of the deposited coatings should be increased and the shearing strength S on the contact surface should be decreased. As discussed in the above section, the reduction in the friction coefficient of the nc-WC/a-C(Al) coatings can be directly attributed to the formation of a carbon-rich tribofilm where contact surface graphitization plays an important role. Also, the theoretical calculations prove that the weak-carbide-forming Al incorporated in the a-C coating has a great potential to favor an increased phase segregation of graphitic carbon at elevated temperatures induced by sliding friction due to the strong thermodynamic driving force. For the nc-WC/a-C(Al) carbon-based nanocomposite coating, the formation of a graphitic interlayer (tribofilm) on the contact surface provides a low shearing strength S. Meanwhile, the WC nanoparticles enhancement effects provide relatively high hardness H and thereby increase the load support capability of the coating. Particularly, the tribofilm just $30 nm thickness formed on the surface of the wear track does not cause a sacrifice in the load support capability because the finite elements simulation reveals that the stress mainly distributes over the whole cross-section in the coating when applying a 5 N normal load. By the contributions of the above factors, the nc-WC/a-C(Al) carbon-based nanocomposite coating can achieve low friction and high wear-resistance properties compared to the a-C, a-C(Al) and nc-WC/a-C carbonbased coatings.
Achieving a series of novel low friction carbon-based nanocomposite coatings
Remarkably, the model of SCF W and WCF Al to construct this novel nc-WC/a-C(Al) carbon-based nanocomposite coating might be employed to fabricate a series of carbon-based nanocomposite coatings. In the periodic table of the elements the strong-carbide-forming (SCF) metals also include Ti, V, Cr, Zr, Nb, Mo, Hf and Ta elements. According to the theoretical calculations, we predict that one of these strong-carbide-forming Ti, V, Cr, Zr, Nb, Mo, Hf or Ta metals combining with weakcarbide-forming (WCF) metal Al can be used to fabricate carbon-based nanocomposite coatings, which might also have superior mechanical and tribological properties similar to that of the above nc-WC/a-C(Al) carbon-based nanocomposite coating. The chemical compositions of as-fabricated carbon-based nanocomposite coatings including nc-TiC/a-C(Al), nc-VC/a-C(Al), nc-CrC/a-C(Al), nc-ZrC/a-C(Al), nc-NbC/a-C(Al), ncMoC/a-C(Al), nc-HfC/a-C(Al) and nc-TaC/a-C(Al) coatings are listed in Table 3 . Besides, the microstructure of these carbonbased nanocomposite coatings was characterized by TEM. HRTEM images (Fig. 12a-h ) reveal that these eight kinds of asfabricated coatings possess a typical nanocomposite/amorphous microstructure where the carbide nanoparticles (which mostly are fringed) are uniformly formed in the amorphous carbon matrix. The SAED patterns, which display sharp rings with calculated lattice spacings, prove that the nanocrystallites are the Ti, V, Cr, Zr, Nb, Mo, Hf and Ta carbide. Similar to the nc-WC/ a-C(Al) carbon-based nanocomposite coating, the weak-carbideforming Al also dissolves into the a-C matrix according to the XPS C1s and Al2p analyses. Also, the XRD results further confirm the typical nanocomposite/amorphous microstructure for these carbon-based coatings, as shown in Fig. 13 .
In order to prove these as-fabricated nc-TiC/a-C(Al), nc-VC/a-C(Al), nc-CrC/a-C(Al), nc-ZrC/a-C(Al), nc-NbC/a-C(Al), nc-MoC/a-C(Al), nc-HfC/a-C(Al) and nc-TaC/a-C(Al) carbonbased nanocomposite coatings also have superior friction and wear behaviors, the ball-on-disk tribometer is used to systematically evaluate these carbon-based nanocomposite coatings. The parameters are kept the same with that of the above nc-WC/a-C(Al) carbon-based nanocomposite coating, and are listed as follows: normal load of 5 N, reciprocating amplitude of 5 mm, reciprocating frequency of 5 Hz (line speed of 0.05 m s
À1
) and test time of 60 min (cycles of 18 000). Fig. 14 shows the friction coefficient and wear rate of these as-fabricated nc-TiC/a-C(Al), nc-VC/a-C(Al), nc-CrC/a-C(Al), nc-ZrC/a-C(Al), nc-NbC/a-C(Al), nc-MoC/a-C(Al), nc-HfC/a-C(Al) and nc-TaC/a-C(Al) carbon-based nanocomposite coatings. It can be seen that all these coatings present a very low friction coefficient of about 0.05-0.06 and high anti-wear capability similar to that of the above nc-WC/a-C(Al) coating, and their wear rates stay between 8.4 Â 10 À17 m 3 N À1 m and 3.7 Â 10 À16 m 3 N À1 m. Considering their friction and wear results, it can be concluded that the SCF Ti, V, Cr, Zr, Nb, Mo, Hf or Ta metal combining with the WCF Fig. 11 Schematic diagram of frictional mechanism for the nc-WC/a-C(Al) carbon-based coating.
Al metal can be used to fabricate carbon-based nanocomposite coatings, which also achieve superior tribological properties. Consequently, we successfully achieve a series of novel carbonbased nanocomposite coatings with low-friction and anti-wear performances via constructing a nanocrystallite/amorphous microstructure and creating a strong thermodynamic driving force to promote phase segregation of graphitic carbon by coincorporating the SCF metal and WCF metal into the a-C 
